BRAF rearrangements and BRAF V600E point mutations are recurring events in pediatric low-grade gliomas. However, their clinical significance, including possible interactions between these markers and other glioma biomarkers, is unclear. In this study a retrospective cohort of 198 pediatric low-grade gliomas (including 40 treated with adjuvant therapy) was analyzed for BRAF rearrangements, BRAF V600E, p16/CDKN2A deletion, p53 expression, and MIB1 proliferation index. In tumors with BRAF rearrangement, homozygous p16 deletion correlated with shorter progression-free survival (P 5 .04). A high MIB1 proliferation index trended toward worse response to adjuvant radiotherapy compared to BRAF-rearranged, p16-intact tumors (P 5 .08). On multivariate analysis, the 2 most consistently powerful independent adverse prognostic markers were midline location (P 5 .0001) and p16 deletion (P 5 .03). Tumors with BRAF V600E had a strong trend toward an increased risk for progression (hazard ratio 5 2.48, P 5 .07), whereas those with BRAF rearrangement had a milder trend toward reduced risk (hazard ratio 5 .54, P 5 .15). These data suggest that p16 deletion adversely impacts the outcomes of BRAFdriven gliomas, that high proliferation index may be a better marker of progression risk than BRAF, that BRAF rearrangement and BRAF V600E might not necessarily produce comparable outcomes, and that none of these markers is stronger than tumor location in determining prognosis in pediatric low-grade gliomas.
T he discovery of BRAF alterations in pediatric lowgrade gliomas has shed some light on the etiology of these tumors. Initial studies identified a biologically active gain of the BRAF gene on 7q34 in pilocytic astrocytomas (PAs) 1, 2 due to a tandem duplication producing a KIAA1549:BRAF fusion protein, 3, 4 although a minority of cases involve BRAF fusion with other genes. 4 -6 The end result of all these rearrangements is loss of the Ras-binding domain on BRAF, producing constitutive BRAF activity in the tumorigenic MAPK/ERK pathway.
BRAF rearrangements are present in about 70% of PAs versus 15% of all other low-grade gliomas in the PA differential 1 -4,7 -10 and are less common in highgrade gliomas. 3, 10 Rearrangement frequency differs as a function of region and age, being present in 75%-80% of cerebellar PAs versus 55% of noncerebellar PAs 1 -4,6 -8,10,11 and is far less common in adults. 12 Roughly half of all pilomyxoid astrocytomas contain BRAF rearrangements, 4, 7 underscoring the link between these tumors and PAs but making a distinction based on BRAF rearrangement impossible.
Recent work showed that BRAF rearrangement is an independent favorable prognostic factor in supratentorial low-grade pediatric gliomas 7 ; a similar trend toward reduced risk of recurrence was seen in cerebellar PAs. 8 Another group showed that posterior fossa tumors diagnosed as grade II gliomas but with BRAF rearrangement were quite indolent despite their histologic appearance. 3 Thus, BRAF rearrangement appears to be a relatively favorable prognostic marker.
In addition to rearrangement, the constitutively active BRAF V600E point mutation, previously described in melanomas, colonic adenocarcinomas, and papillary thyroid carcinomas, has been identified in up to 15% of grade II -IV pediatric astrocytomas. 13, 14 Up to 10% of pediatric PAs contain the mutation, which appears to be more frequent in noncerebellar tumors. 2 -4,6,7,10,14 V600E is common in other low-grade pediatric gliomas, including 25% of gangliogliomas and 80% of pleomorphic xanthoastrocytomas. 7, 10, 14, 15 At times, the mutation can occur in conjunction with a BRAF rearrangement in the same tumor.
The biological consequences of BRAF activation are currently under investigation. Constitutive BRAF activity induces MAPK activity and gliomagenesis in xenografted mice but eventually leads to tumor senescence. 7,16 -18 Higher-grade gliomas also have MAPK activation but are usually accompanied by impairment of the p53/Rb cell cycle pathway, which could explain why such tumors undergo progression rather than senescence. In fact, loss of p16 expression in PAs appears to correlate with reduced senescence and with higher risk of aggressive behavior. 13, 16, 19 High p53 expression and an elevated MIB1 proliferation index have already been identified as adverse markers in high-grade pediatric gliomas, 20 -24 as has high MIB1 in unresectable PAs. 25 Yet whether p16, p53, and/or MIB1 can specifically modify the prognostic value of BRAF abnormalities is not completely understood. Furthermore, it is not clear whether BRAF rearrangement and BRAF V600E have the same kind and degree of prognostic impact in pediatric low-grade gliomas or whether any of these biomarkers can predict adjuvant therapeutic response. Here we describe the results of outcome comparisons between BRAF, p16, p53, and MIB1 in a large cohort of pediatric low-grade gliomas.
Materials and Methods

Cohort
The cohort in this study used formalin-fixed paraffin embedded tissue (FFPE) from an institutional neuropathology bank, as previously described. 8, 26 Institutional review board approval was obtained before initiating the study. Tumors in neurofibromatosis type 1 (NF1) patients were excluded from the cohort. All cases were originally diagnosed as low-grade gliomas; for this study, all were rechecked by 2 neuropathologists (C.H. and R.L.H.). While precise information regarding the degree of resection was not available in every case, over 75% of cerebellar and cerebral cases and less than 10% of midline tumors were judged to have had gross total resection via neurosurgical review of postoperative radiographs (by I.F.P.). Similarly, tumors that were treated with adjuvant therapy were evaluated radiologically and placed into 1 of 3 broad categories: (1) good response, with manageable residual disease; (2) partial response with eventual regrowth; and (3) poor response, usually requiring additional surgical and adjuvant interventions. All radiologic, immunohistochemical, and molecular analyses were performed while blinded to outcome and, when possible, location.
Analysis of P53, MIB1, P16, BRAF, and Morphology P53 and MIB1 immunohistochemistry and p16 and BRAF fluorescence in situ hybridization (FISH) were performed and quantified as described previously. 8,20,24,26 -28 A p53 score of 0-1 was considered low, with scores of 2-3 being high. In each case, the area showing highest proliferation on MIB1 immunostaining was targeted for quantification. MIB1 proliferation index was considered high if greater than 10%; this was empirically determined to be the best cutoff using a series of Kaplan-Meier analyses of progression-free survival (PFS; data not shown).
BRAF FISH has been shown to correlate well with realtime (RT) PCR breakpoint analysis and comparative genomic hybridization, 7 and its use in the PA subset of this cohort has been previously reported. 8 Briefly, the BRAF FISH probe consisted of 3 clones of P1-derived artificial chromosomes: RP4-726N20, RP5-839B19, and RP4-813F11, with a centromeric enumeration probe for chromosome 7 (CEP7) serving as a ploidy control. At least 50 cells were scored per case. The BRAF rearrangement pattern was scored if BRAF:CEP7 was greater or equal to 1.15 and over 20% of tumor cells showed relative BRAF gain. P16 FISH was performed using a probe targeted against 9p21 (Abbott Molecular), with CEP9 serving as the ploidy control. Deletion for 9p21 was scored if both signals were lost (homozygous deletion) in at least 20% of tumor nuclei.
Specific key morphologic variables were semiquantified as previously described. 26 Briefly, overall nuclear atypia were scored in each case on a scale of 0 ¼ mild, 1 ¼ moderate, and 2 ¼ severe. Mitoses were counted per 10 cm 2 . Rosenthal fibers, eosinophilic granular bodies, and necrosis were scored from 0 ¼ none, 1¼ sparse, 2 ¼ moderate, and 3 ¼ frequent.
BRAF V600E
Tumor targets were manually microdissected from the 5-micron unstained histologic sections. DNA was Table S1 ). Abbreviations: NA, insufficient remaining tissue available for analysis; nos, not otherwise specified. The most common diagnosis and location was pilocytic astrocytoma of the cerebellum. Overall, BRAF rearrangement was more common than BRAF mutation. In the latter cases, all but 2 were V600E mutations; *1 was a frameshift stop codon.
isolated from each target using the DNeasy Blood and Tissue kit (Qiagen) according to the manufacturer's instructions. The quantity of isolated DNA was assessed using a NanoDrop 1000 spectrophotometer (Thermo Scientific). Detection of BRAF V600E mutation was performed using RT-PCR and post-PCR fluorescence melting curve analysis (FMCA) on a LightCycler (Roche Applied Science) as previously described. 29 Briefly, RT-PCR amplification was performed using 5 -50 ng of DNA, 40 pmol of each primer, and 2 pmol of each hybridization probe on a LightCycler FastStart DNA Master HybProbe Kit (Roche). The reaction mixture was subjected to 40 cycles of PCR amplification consisting of denaturation at 958C for 5 s, annealing at 548C for 20 s, and extension at 728C for 12 s. Post-amplification FMCA was performed by gradual heating of samples at a rate of 0.18C/s from 458C to 958C. Samples that were positive for mutations on PCR/FMCA were confirmed by Sanger sequencing.
Statistical Analysis
Survival rates were compared via log-rank tests on Kaplan-Meier curves. Cox proportional hazards regression was used to generate multivariate survival models.
Means were compared between multiple groups by parametric analysis of variance (ANOVA; Kruskal -Wallis test and Dunn's post hoc) or parametric ANOVA (Tukey's post hoc) where appropriate. Fisher's exact test generated hazard ratios (HRs) between 2 groups. Spearman rank correlation assessed trends between biomarkers and response to adjuvant therapy. All of the aforementioned analyses were done using GraphPad software and StatPages (http://statpages.org/prophaz. html); differences were considered significant at P , .05.
Results
Cohort Characteristics and Survival by Location
One hundred ninety-eight non -NF1-related pediatric low-grade gliomas were retrospectively analyzed (Table 1) . Follow-up data were available for 160 cases (80.8%), with a median interval of 6.3 years. Fifty of the 160 cases (31.3%) had disease progression at time of analysis, while 9 (5.6%) had died. The most frequent histologic diagnosis was PA (143 cases, 72.2%), followed by ganglioglioma (27 cases, 13.6%). The most common primary site was the cerebellum, with 96 cases (48.5%, Table 2 ). Midline tumors, defined as those arising in the diencephalon (thalamus and hypothalamus), midbrain, brainstem, and spinal cord (DMBS), as well as in the basal ganglia, totaled 54 cases (27.3%). Forty-eight tumors arose in nonmidline cerebral sites (24.2%). All PAs had been previously studied 8, 26 and had updated outcome information for the current analysis.
Initial survival analysis by specific locations identified all midline tumor locations as having shorter PFS than cerebral or cerebellar tumors ( Supplementary Fig. S1 ).
For all subsequent analyses, the midline tumors were thus combined into the DMBS group, which also included the basal ganglia tumors. As expected, the DMBS subset had shorter PFS and overall survival (OS) compared with cerebral and cerebellar tumors ( Fig. 1) .
BRAF Rearrangement and V600E in Pediatric Low-Grade Gliomas BRAF rearrangement status was able to be determined in 181 cases, while 157 were successfully analyzed for BRAF V600E mutations ( Table 2) . Rearrangement was far more common overall, with 108 cases showing such a pattern by FISH, whereas only 19 had the V600E mutation. Cerebellar tumors were more likely to have BRAF rearrangement than were either cerebral or DMBS tumors ( Fig. 2A) , whereas cerebral tumors had a higher rate of V600E mutation than did either cerebellar or DMBS sites (Fig. 3A) . In the DMBS subset, only diencephalic tumors had a V600E mutation, meaning that 68.4% of all V600E tumors were located in the supratentorium (P ¼ .02). In contrast, 72.2% of tumors with BRAF rearrangement were infratentorial (P ¼ .0002).
None of the histologic subtypes were statistically more or less likely to have a V600E mutation (overall P ¼ .13); even when combining all non-PA tumors, the difference versus PAs was not significant (19.1% vs Fig. 1 . Progression-free and overall survival in pediatric low-grade gliomas are worse in midline locations. Tumors arising in the midline (ie, DMBS) had generally worse progression-free survival (A) and overall survival (B) compared with those located in the cerebellum and cerebrum. In (A), *P , .0001 vs cerebellum and ¼ .0003 vs cerebrum; in (B) *P , .001 vs cerebellum and ¼ .17 vs cerebrum.
7.3%, P ¼ .23).
Multiple-group analysis showed that WHO grade I PAs were more likely than grade II diffusely infiltrative gliomas to have BRAF rearrangement (67.7% vs 0%, P , .01), though no other intergroup comparisons were significant. However, PAs had a higher rate of BRAF rearrangement compared with all non-PAs pooled together (67.7% vs 36.7%, P ¼ .001).
Pooling all low-grade gliomas together, the presence of BRAF rearrangement strongly trended toward improved PFS (P ¼ .06, not shown). Only 1 patient with a rearrangement died, and there was a strong trend toward reduced risk of death in such tumors versus those without the rearrangement (HR ¼ 0.30, 95% confidence interval [CI] ¼ 0.05-1.7, P ¼ .05). In contrast, there was no significant change in PFS or the risk of death in V600E tumors, although the HR for death was above 1.0 (HR ¼ 1.6, 95% CI ¼ 0.23-10.3, P ¼ .52).
Adjusting for location, the presence of BRAF rearrangement failed to significantly stratify low-grade gliomas by survival in the cerebellum (Fig. 2B) , cerebrum ( Fig. 2C and D) , or DMBS ( Fig. 2E and F ), yet it is noteworthy that the only deaths that occurred in the DMBS region were with tumors lacking BRAF rearrangement (Fig. 2F) . Likewise, V600E mutation did not produce significant survival differences by subregions ( Fig. 3B -F) , although there was a trend toward worse PFS in cerebellar tumors (Fig. 3B ).
P16 and BRAF in Pediatric Low-Grade Gliomas
The presence of a p16 deletion was able to be determined via FISH in 167 tumors (see Methods). While the frequency of homozygous p16 deletion did not vary among the 3 tumor regions (Fig. 4A) , PFS, but not OS, was markedly shorter in p16-deleted low-grade gliomas ( Fig. 4C and D) ; this was attributable specifically to cerebral tumors (Fig. 4B) , as PFS was not significantly different by p16 status in the cerebellar or DMBS locations (P ¼ .67 and P ¼ .45, respectively, data not shown). However, the presence of p16 deletion lowered PFS in gliomas with any BRAF abnormalities (P ¼ .04, Fig. 4E) . A similar pattern seemed to be present in BRAF-normal tumors, though there were too few BRAF-normal, p16-deleted cases to generate statistical significance. OS, on the other hand, was not significantly different (Fig. 4F) .
Of note, morphologic semiquantification of nuclear atypia (see Methods) showed a higher degree of atypia in p16-deleted gliomas versus p16-intact gliomas (0.78 + 0.2 vs 0.30 + 0.05, P ¼ .037). Neither Ki67 proliferation index, mitotic count, Rosenthal fibers, nor necrosis differed by p16 status (data not shown).
P53 and BRAF in Pediatric Low-Grade Gliomas
Nuclear p53 expression was semiquantified via immunohistochemical analysis in 166 gliomas (see Methods). Tumors expressing high levels of p53 trended toward being more common in the cerebrum versus the other two regions (Fig. 5A ). Yet while p53 did not stratify outcome in all pooled gliomas or in the cerebral or cerebellar subsets (data not shown), high p53 significantly correlated with shorter PFS in DMBS tumors (Fig. 5B) . The role of high p53 in BRAF-abnormal gliomas was not clear (Fig. 5C ), perhaps because too few tumors had high p53 expression. Interestingly, there was a slight but significantly decreased OS in gliomas with weak p53 expression and normal BRAF versus all other subtypes (Fig. 5D ).
MIB1 and BRAF in Pediatric Low-Grade Gliomas
An MIB1 proliferation index was scored in 190 cases (see Methods). The proportion of cases with very high indices, defined as greater than 10%, did not differ among the 3 main tumor regions (Fig. 6A) . Likewise, mean indices did not significantly differ among the 3 groups (data not shown). In all gliomas, high proliferation was not a significant marker for PFS (P ¼ .53) or OS (P ¼ .14, graphs not shown). In cerebral gliomas high proliferation correlated with shorter OS (Fig. 6B) , but not PFS (P ¼ .60, graph not shown). The only subgroup in which high proliferation correlated with shorter PFS was DMBS (Fig. 6C) , though it did not correlate with OS (Fig. 6D) . Regarding BRAF, tumors with both high proliferation and no BRAF abnormality had shorter PFS and OS compared with tumors with low proliferation and abnormal BRAF (Fig. 6E and F) . Unlike p16 deletion, high proliferation did not appear to have any impact on BRAF-abnormal tumors.
BRAF Rearrangement or V600E Stratified by P16, P53, or MIB1
The analyses described above (Figs 4-6) combined gliomas with BRAF rearrangement or V600E into a single group of BRAF-altered tumors, segregated by region. All analyses were also done focusing on either BRAF rearrangement or V600E in all regions pooled together (as splitting by both region and type of BRAF abnormality in the same analysis frequently produced subgroups too small for effective comparisons). Significant associations included shorter PFS in tumors negative for V600E but with p16 deletion, compared with tumors negative for V600E BRAF but with intact p16 (Fig. 7A) ; shorter PFS in BRAF-rearranged tumors when p16 was deleted versus BRAF-rearranged gliomas with intact p16 (Fig. 7B) ; shorter OS in gliomas without BRAF rearrangement and with low p53 relative to tumors with BRAF rearrangement and low p53 (Fig. 7C) ; and shorter OS in tumors without BRAF rearrangement but with high proliferation versus gliomas with a lower proliferation index and either intact or rearranged BRAF (Fig. 7D) . deletion by tumor site (P ¼ .64). While PFS was shorter in cerebral tumors (B) and all pooled gliomas (C) with p16 deletion, cerebellar and DMBS subsets did not achieve significance (see Results), nor did OS in all gliomas (D). (E) Stratifying all gliomas by p16 deletion and any BRAF abnormality (rearrangement or V600E mutation) showed that when BRAF was abnormal, the concomitant presence of p16 deletion correlated with shorter PFS (short dotted black line ¼ p16 intact, BRAF abnormal; long dotted black line ¼ p16 deleted, BRAF abnormal; solid grey line ¼ p16 deleted, BRAF normal; solid black line ¼ p16 intact, BRAF normal; *P ¼ .04 vs p16 intact, BRAF abnormal). (F) There was, however, no significant stratification of OS by p16 and BRAF in this cohort. DMBS, diencephalon/midbrain/brainstem/spinal cord; nl, normal.
Rare Tumors with both BRAF Rearrangement and V600E Mutation
In the entire cohort there were 6 tumors with both BRAF rearrangement and V600E mutations (Supplementary  Table S1 ), consistent with prior work showing that the 2 lesions can occur in the same tumor. 7 Because such tumors were unusual in this cohort, it is difficult to prove whether their behavior is different from the others. Still, 2 of the 6 were PAs that developed metastatic disease, though both responded well to adjuvant therapy. Aside from a 9-year-old female with a left temporal pleomorphic xanthoastrocytoma, who died of surgical complications, the other 5 are alive and well.
Response to Therapy
Forty cases in the cohort required adjuvant therapy (Table 1 and Supplementary Table S2 ); 25 were DMBS tumors, 11 were cerebellar tumors, and 4 were cerebral tumors. The clinical/radiographic response of each case was categorized as described in the Methods. Although none of the molecular variables showed significant correlations with response, elevated MIB1 proliferation trended toward worse responses to radiotherapycontaining regimens (Table 3) .
Multivariate Analyses
Several models of multivariate analyses were tested to determine which factors were the most robust at correlating with PFS (Table 4) . Each model varied only by how the BRAF data were treated, focusing on rearrangement only (Table 4 , upper left), V600E only (upper right), both rearrangement and V600E grouped together (lower left), or both rearrangement and V600E but analyzed separately (lower right). In all 4 models the most powerful independent adverse prognostic factor by far was midline/DMBS location. In all the models p16 deletion was either an independent adverse prognostic factor or trended in that direction. High MIB1 also trended toward an adverse effect in some models, as did V600E when it was analyzed apart from rearrangement. BRAF rearrangement, on the other hand, was never a significant independent prognostic marker, though its HR consistently suggested reduced risk of progression. Of note, combining V600E and rearrangement into a single variable greatly reduced P value versus just analyzing both types of BRAF abnormality in the same model but as separate variables.
Discussion
The role of constitutive BRAF activation in a large proportion of pediatric low-grade gliomas is of interest both from diagnostic/prognostic and therapeutic perspectives-the former because it may help differentiate indolent tumors from more aggressive tumors, and the latter because BRAF is a "druggable" target for improved adjuvant treatment of residual or recurrent tumors. Trials for anti-BRAF drugs in low-grade pediatric gliomas are in progress, following the favorable results with such agents in melanomas. 30, 31 From a prognostic perspective it is still unclear whether rearrangement or V600E mutation have differing impacts on outcome or whether other molecular markers can affect the prognostic power of BRAF.
The strong trend toward improved PFS in BRAFrearranged low-grade gliomas (P ¼ .06, not shown), plus its preponderance in PAs relative to most other tumors (Table 2) , could be taken at first glance to be evidence that BRAF rearrangement is indicative of a PA even if tumor morphology does not quite match. However, this trend might not have been because BRAF rearrangement was more common in PAs per se, but rather because BRAF rearrangement is more common in the cerebellum, where tumors are usually more resectable. Multivariate analysis suggested as much (Table 4) , and non-PA tumors with BRAF rearrangement are not rare, either in this cohort or in another recently studied cohort. 7 On the other hand, even though neither PFS nor OS was significantly different by BRAF rearrangement when adjusting for tumor location (Fig. 2) , it is noteworthy that in the high-risk midline tumors, the only deaths were from tumors lacking rearrangement (Fig. 2F) . Still, caution is suggested before equating BRAF rearrangement with PA, especially in locations where non-PA low-grade gliomas are more frequent.
Prior work showed that BRAF rearrangement was an independently favorable prognostic factor for a cohort of 70 incompletely resected low-grade pediatric gliomas of the optic pathway, brainstem, and spinal cord. 7 In the current cohort there were no non-NF1 optic gliomas and only 20 cases of midbrain, brainstem, and spinal cord tumors, though this cohort had more diencephalic, cerebral, and cerebellar tumors ( Table 2) . The closest comparison to that prior work is the DMBS subset in this study, where rearrangement did not significantly stratify PFS but did, as mentioned above, show fewer deaths compared with BRAF-intact midline tumors (Fig. 2E and F) . Thus, these results do not preclude a favorable effect of rearrangement on PFS in certain contexts but that such an effect may be outweighed by other variables like midline location and p16 status ( Table 4) .
The p16 protein is located on the CDKN2A locus on 9p21 and is a major checkpoint in the cell cycle. Loss of p16 is well known to correlate with increased WHO glioma grade 32 and has been seen in BRAF-driven pediatric low-grade gliomas that behaved more aggressively. 13, 16, 19 Our data support those studies but further suggest that p16 deletion is an adverse marker independent of BRAF status (Figs 4 and 7, Table 4 ). Interestingly, nuclear atypia also tended to be higher in p16-deleted gliomas (see Results). Likewise, elevated MIB1 generally corresponds to higher glioma grade and was recently reported to connote a higher risk of recurrence in partially resected PAs, 26 though its general significance in PAs is unclear. 26, 33, 34 The current data suggest that very high MIB1 indices do trend toward shorter PFS and possibly a higher risk of resistance to radiotherapy but may not specifically modify the prognosis of BRAF-driven gliomas (Figs 6 and 7 , Tables 3  and 4) .
Regarding p53, its increased expression is more characteristic of grade II astrocytomas rather than grade I PAs, 35 which might account for the shorter PFS seen in DMBS tumors with high p53 expression (Fig. 5B) . However, the data suggest that high p53 does not modify BRAF-driven outcomes and probably does not add as much clinical value as p16 and MIB1.
Univariate analysis did not show consistently worse PFS in BRAF V600E tumors (Fig. 3) , but V600E trended toward worse PFS on multivariate analysis, with an HR opposite to that of BRAF rearrangement. Fig. 7 . Significant PFS and OS associations in pediatric low-grade gliomas by BRAF V600E or rearrangement and p16, p53, or MIB1. All subregions were pooled together; all comparisons not marked with an asterisk (or not shown) are not significant. (A) Tumors without BRAF V600E (wild type [wt] BRAF) but with p16 deletion had shorter PFS than wt BRAF tumors where p16 was intact (*P ¼ .02 vs V600E, p16 intact). There was only 1 case with concomitant V600E mutation and p16 deletion-a left temporal PXA that progressed after 5.4 years, though the patient is alive 10.3 years after original surgery. (B) Likewise, tumors that had both BRAF rearrangement and intact p16 had better PFS than those with p16 deletion regardless of BRAF status (*P ¼ .049 vs BRAF rearrangement, p16 deleted; *0.03 vs BRAF intact, p16 deleted). (C) OS (*P ¼ .03) was shorter in gliomas with intact BRAF and low p53 expression compared with those with low p53 and BRAF rearrangement. PFS also showed a strong trend in the same direction (P ¼ .06, not shown). (D) Tumors with intact BRAF and high MIB1 proliferation index had shorter OS than tumors with a lower proliferation index and either intact or rearranged BRAF (*P ¼ .007 and .0008, respectively). There was also a trend toward worse OS in BRAF-rearranged tumors when MIB1 was high compared with BRAF-rearranged tumors with low MIB1 (P ¼ .06). Del, deleted.
While the latter did not reach significance on multivariate analysis, the more favorable HR associated with rearrangements was consistent with prior work. 7, 34 These results seem counterintuitive, considering that both rearrangement and V600E produce constitutive BRAF activity and that V600E can induce PA growth but eventual senescence in vivo. 16, 18 One hypothesis is that although both types of BRAF alterations have the same basic activity, other molecular lesions may preferentially be found in BRAF V600E or BRAF-rearranged tumors and thus drive the tumors toward different outcomes. In our cohort there was no difference in p53 expression, p16 deletion, or MIB1 proliferation between BRAF-rearranged and BRAF V600E gliomas (not shown), so none of these variables are likely to account for the divergent HRs. BRAF V600E mutation may therefore be indicative of a tumor that is at higher risk of worse behavior than a grade I PA. Along those lines, a recent study showed that 10% of malignant pediatric astrocytomas had the BRAF V600E mutation, 31 which is a far higher percentage than those that had BRAF rearrangement. Clearly, more cases with dual V600E and rearrangement testing are needed to firmly establish whether there is a true difference in behavior. Until then, caution is recommended when comparing tumors with rearrangement or V600E or when combining them in outcome-based studies like clinical trials.
Except for our prior work focused on key molecular and cell cycle variables, including BRAF rearrangement, p53, p16, and MIB1, in the outcome of pediatric PAs, 8 to our knowledge this is the first study to weigh the prognostic and predictive significance of both BRAF rearrangement and BRAF V600E, plus the aforementioned cell cycle markers, in a large cohort of PA and non-PA pediatric low-grade gliomas. Some limitations include the retrospective nature of this study, the predominance of PAs versus other tumor subtypes, and the fact that substratification by region, then by BRAF status (especially V600E), then by p53/MIB1/p16 was often difficult from a statistical perspective. And other than knowing that the vast Abbreviations: HR, hazard ratio; CI, confidence interval. Several models of progression-free survival (PFS) showed that the most consistent powerful marker of shorter PFS was a tumor located in the midline vs either cerebellum or cerebrum. The strongest molecular marker for reduced PFS was homozygous p16 deletion, while high MIB1 similarly trended toward shorter PFS. Interestingly, BRAF rearrangement trended weakly toward longer PFS, yet BRAF V600E strongly trended toward shorter PFS. No variable showed independent prognostic significance for OS in any model. N ¼ 104 (upper left), 96 (upper right), 97 (lower left), and 90 (lower right). After initial surgery, 40 cases of pediatric low-grade gliomas were exposed to adjuvant chemotherapy and/or radiation, with clinical response judged as either poor, partial with regrowth, or good (see Methods Results, and Supplementary Table S2) . By multiple regression, a high MIB1 proliferation index showed a trend toward correlating with worse response to radiotherapy but no correlation with regimens containing chemotherapy. No other variable showed any relation to adjuvant therapeutic responses. Modeling with fewer variables (eg, excluding V600E, p53, and p16) to include more cases showed no major differences in P values (not shown).
majority of midline tumors had subtotal resections while most cerebellar and cerebral cases had gross total resections, the intraoperative impression of the degree of resection was not available in most cases. This precludes separating out the individual contributions of resection extent and tumor location, though it is likely that the midline location is an adverse factor due in large part to the difficulty in achieving total tumor resection. Furthermore, specific information on doses and durations of radiotherapy and chemotherapy were often not retrievable in this cohort, thus limiting that aspect of the analysis. Nevertheless, our data suggest that p16 deletion independently shortens PFS in these gliomas, including in BRAF-altered tumors; that tumors with very high MIB1 proliferation indices may be at higher risk of adjuvant radiotherapy resistance and/or worse outcome, though none of these markers is a strong predictor of response; that the behavior of tumors with BRAF rearrangement might be different from those with V600E mutations; and that despite all of these molecular biomarker discoveries, tumor location (and by extension, tumor resectability) remains by far the most important prognostic variable.
